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Abstract
Lepton flavor violation can be induced in supersymmetry by the mixing of two or
more of the leptonic scalar partners, l˜ → l˜′, where l˜, l˜′ = e˜, µ˜, τ˜ . Krashnikov and Arkani-
Hamed et al. pointed out that this effect may be observable at the Next Linear Collider,
through slepton pair production with subsequent lepton flavor violating decays. If
the slepton mixing involves all three generations, CP violation from the Cabibbo-
Kobayashi-Maskawa phase could lead to asymmetries between the observed LFV decays
l˜ → l˜′ and ˜¯l → ˜¯l′. We lay down the formalism and give simple expressions for the CP
violating asymmetry in the transition probabilities, and consider possible signals at
future colliders.
PACS numbers: 11.30.Er, 11.30.Hv, 14.80.Ly, 14.60.Gh
Introduction
Quark flavor is not conserved in nature, as manifestly demonstrated by oscillation in
the K–K¯ system. There is no evidence to date, however, for the analogous lepton flavor
violation. The branching ratio for µ → eγ, for example, is less than 4.9 × 10−11 at the
95% confidence level[1]. This is well in accord with the Standard Model, where lepton flavor
violation (LFV) is expected to be highly suppressed, due to the smallness of mν/v, where
mν is the largest neutrino mass and v the electroweak breaking scale.
Lepton flavor violation is also suppressed in exactly supersymmetric extensions of the
Standard Model; supersymmetry, however, is necessarily broken, and soft symmetry break-
ing terms can in general generate significant LFV[2]. Recently, Krashnikov[3] and Arkani-
Hamed[4] et al. showed that the resultant mixing between at least two of the charged
slepton generations could produce dramatic lepton flavor violating signals at LEPII or the
Next Linear Collider (NLC). While detailing the particular case of two generation mixing,
these authors also noted the obvious extension to mixing amongst all three generations.
Beyond simply complicating the analysis of lepton flavor violation, moving to three gener-
ation mixing also gives rise to a new source of CP violation (CPV); namely, the single complex
phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix that relates the electroweak flavor
basis to the three mass eigenstates. In this paper we examine the consequences of this CP
violating phase[5].
The analysis is similar in spirit to CPV from three family neutrino oscillation[6]. We shall
provide compact formulas for the CPV transition probability asymmetry P (˜l¯→ l¯′)−P (l˜→
l′), where l˜, l˜′ denote the sleptons e˜, µ˜, τ˜ and ˜¯l, ˜¯l′ are the respective anti-particles. Following
Ref.[6], we show that the CPV result is identical for the available choices (l, l′) = (e, µ), (µ, τ),
and (τ, e) , then consider observation of the asymmetry at future colliders.
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Formalism
First, we shall assume (as did Refs. [3, 4]) (1) the presence of LFV soft symmetry breaking
terms in the electroweak scale lagrangian, without regard for the nature of their origin, and
(2) that left-right slepton mixing is small. The second assumption simplifies analysis of CPV
and LPV effects, which then have separate contributions from the left and right-handed
sleptons. This assumption is not strongly model-dependent, since left-right slepton mixing
is generally suppressed by the ratio of the lepton mass to the left-right slepton mass splitting,
with the latter set by the D-term to be of order the electroweak scale[7]. Furthermore, we
shall see below that CPV effects involving left-right mixing are further suppressed by the the
ratio of the slepton width to the left-right mass splitting. We shall thus follow Refs. [3, 4]
and focus on the right-handed sleptons, while noting that generalization of our analysis to
the separate left-handed slepton contribution to CPV is also possible.
Due to mixing, the flavor states (e˜, µ˜, τ˜) do not evolve in time with a trivial phase. We
define the mixing amplitudes Uαi, where the flavor state is expressed by superposition of
mass eigenstates |Si〉 of masses mi,
|l˜α〉 =
∑
i
Uαi|Si〉 , |Si〉 =
∑
i
U∗αi|l˜α〉 . (1)
The matrix U can be explicitly written using the standard KM parameterization with three
mixing angles θi and one phase δ,

e˜
µ˜
τ˜

 =


c1 s1c3 s1s3
−s1c2 c1c2c3 + s2s3eiδ c1c2s3 − s2c3eiδ
−s1s2 c1s2c3 − c2s3eiδ c1s2s3 + c2c3eiδ




S1
S2
S3

 , (2)
with si = sin θi and ci = cos θi.
If the LSP is a neutralino χ0 (which we assume to be primarily Bino), the flavor eigenstate
l can be tagged by the decay l˜ → lχ0. The flavor state |α˜〉 (α = e, µ, or τ) of a slepton
produced at t = 0 in the rest frame, could be resolved as |β˜〉 at a later time t with the
transition amplitude,
A(α˜→ β˜; t) =∑
i
UαiU
∗
βi exp(−imit− 12Γt) . (3)
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For simplicity we assume this to be the only open decay channel; if not, results below should
be multiplied by the decay branching ratios[4]. We also take all states to have a common
decay width Γ and
∆mij ≡ mi −mj ; ∆mij ,Γ≪ m¯ ≡ 13(m1 +m2 +m3) . (4)
Further restrictions on ∆mij are discussed below.
The time-dependent oscillation probability is p(α˜→ β; t) = |A(α˜→ β˜; t)|2; note that we
omit the decay product neutralino in our notation. The time–averaged probability that is
actually measured is given by
P (α˜→ β) =
∫ ∞
0
p(α˜→ β˜; t)dt/
∫ ∞
0
∑
β
p(α˜→ β˜; t)dt (5)
= UαiU
∗
βiU
∗
αjUβj
(
Γ
Γ + (mi −mj)i
)
= P (˜¯β → α¯) .
From the unitarity of Uαi and the second line of the equation above, it can be seen that
lepton flavor violation vanishes[4] as ∆mij ≪ Γ; in the limit of exactly degenerate sleptons,
the mass basis can be arbitrarily rotated to bring Uαi into diagonal form.
CP violation is reflected in asymmetry between the transition probabilities of CP–conju-
gate channels, P (α→ β)− P (˜¯α→ β¯). Since P (˜¯α→ β¯) = P (β˜ → α) from CPT invariance,
the difference flips sign under interchange of α and β and vanishes for the diagonal case α = β.
It is convenient to introduce the antisymmetric symbol εαβ such that εeµ = εµτ = ετe = 1.
We summarize all properties of asymmetry,
P (α˜→ β)− P (˜¯α→ β¯) = εαβA , A = −4 Im(Ue1U∗µ1U∗e2Uµ2) Im(φ12 + φ23 + φ31) , (6)
where
φij =
Γ
Γ + (mi −mj)i , Imφij =
(mj −mi)Γ
Γ2 + (mi −mj)2 . (7)
From Eq.(4), this asymmetry result could also have been obtained by using the narrow width
approximation. Note that A vanishes not just for ∆mij ≪ Γ as discussed above, but also
if ∆mij ≫ Γ, since in this limit Imφij vanishes as well. This is simply due to the fact that
CP violation requires interference between Uαi and the final state decay phases in in Eq.(5);
in the limit of very large slepton mass splitting, Eq.(5) becomes an incoherent sum over the
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mass eigenstates. For CP violation from slepton mixing, we thus require ∆mij ∼ Γ. We can
also see that CPV effects involving left-right mixing are indeed suppressed by the the ratio
of the slepton width to the left-right mass splitting.
The expression for A involves the single universal CPV combination[8] of mixing ampli-
tudes in the case of three families,
XCP ≡ Im(Ue1U∗µ1U∗e2Uµ2) = −s21c1s2c2s3c3 sin δ . (8)
The magnitude of this CPV parameterXCP ranges from zero to the maximum value
√
3/18 =
0.096. Ref.[4] shows that the present experimental bound on Br(µ→ eγ) puts no significant
constraint on the mixing angles, with (∆m/m¯) sin 2θ
<∼ 0.01.
One may wonder how the experimental limit[9] on the electric dipole moment (EDM)
of the electron constrains the phase in U . It turns out that at the one loop level, the
EDM requires both the left and right handed sleptons to participate in the loop. Each
handedness contributes a GIM-like suppression factor, ∆mL,R/m¯L,R(≈ 0.01 for our case).
Together with a factor ml/m¯ from the soft SUSY-breaking Al term or the supersymmetric
µ term, which mixes the L and R components, there is sufficient suppression to expect no
significant constraint on the phase (note that the electron EDM does constrain the phase in
the left-right slepton mixing[2], as well as putting tight limits on a relative phase between
the complex mass of the gauge fermion and the Al or µ term[10]).
Experiments
It is believed that the cleanest environment to search for sleptons is at the proposed Next
Linear e+e− collider (NLC) at an energy of
√
s ≃ 500 GeV to 1.5 TeV. The signature for pair
production of sleptons is, assuming the neutralino decay discussed above, a pair of charged
leptons plus missing energy. In Fig. 1, we illustrate the cross section for right handed slepton
production. At
√
s = 500 GeV, σ(e˜˜¯e) is almost as large as 1 pb under the assumption that
the neutralino exchanged in the t-channel is purely Bino with mass Mχ = 50 GeV (with an
obvious degradation for an admixture of Bino). Ref. [4] calculated the backgrounds from
WW , e±νW∓, and (e+e−)W+W− to total about 12 pb. Through efficient cuts[11], Ref.
[4] estimates a reduction of the background to about 5 fb for unpolarized beams, with 30%
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signal acceptance, with further improvement possible with right-handed polarized beams.
Because the CPV signals considered here are simply asymmetries in the LFV signals of the
sort considered in Ref. [4], we shall simply rely on these figures to provide an estimate of
the sensitivity to CP violation from slepton mixing.
We start with a simple CP-odd observable which ignores the full correlation between the
lepton l and the anti-lepton l¯′. From the sample of dilepton events that pass the cuts, we
consider the CPV asymmetry between muon and anti-muon events,
Sµ =
N(µ−)−N(µ+)
N(all signal)
. (9)
Clearly only unequal flavor dilepton (µ±l∓, l 6= µ) events contribute to this asymmetry.
Since Sµ only involves a single particle count, it can be expressed directly in terms of the
single particle transition probability (Eq.(5)),
Sµ =
σ(e˜˜¯e)[P (e˜→ µ)− P (˜¯e→ µ¯)] + σ(τ˜ ˜¯τ )[P (τ˜ → µ)− P (˜¯τ → µ¯)]
σ(e˜˜¯e) + σ(µ˜˜¯µ) + σ(τ˜ ˜¯τ)
. (10)
Using Eq. (6), we obtain
Sµ = Af , f ≡ σ(e˜
˜¯e)− σ(τ˜ ˜¯τ)
σ(e˜˜¯e) + σ(µ˜˜¯µ) + σ(τ˜ ˜¯τ )
. (11)
At the tree level, σ(τ˜ ˜¯τ ) and σ(µ˜˜¯µ) come only from the γ-Z exchange amplitude in the s
channel, but σ(e˜˜¯e) involves additional neutralino exchange amplitude in the t-channel. Thus
f in Eq. (11) is generally non-zero. The fraction f can be close to one in the limit that
the t-channel diagram dominates, which will of course be true given sufficiently high collider
energy. Fig. 1 shows f to be 0.75 at
√
s = 500 GeV and m¯=150 GeV, under the assumption
that the exchange gaugino is purely Bino with mass Mχ = 50 GeV. With an integrated
luminosity of 100 fb−1, around at least 104 events from the slepton pair production will
survive the dedicated cuts[4, 11] which severely reduce the predictable backgrounds to only
about 500 µ∓e± events and about the same number of µ∓τ± events. Thus, it is possible to
measure the CP asymmetry Sµ at the level 0.02 with 5σ.
The other flavor asymmetries are Se = 0 (which vanishes because σ(τ˜ ˜¯τ) = σ(µ˜˜¯µ)) and
Sµ = −Sτ . Statistics will be doubled if we take the combination Sµ − Sτ .
In Fig. 2, we show the size of Sµ−Sτ versus ∆m/Γ for f = 0.75, in the scenario that the
mass differences are equal in magnitude to the width, namely, m1−m2 = m2−m3 = ∆m ∼ Γ.
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In the scenario where σ(e˜˜¯e) ≈ σ(µ˜˜¯µ) ≈ σ(τ˜ ˜¯τ ) (e.g., if the t-channel gaugino mass is
relatively high), we can no longer use the uncorrelated asymmetry S to probe CPV. We can,
however, turn to other correlated observables such as Sµe¯, which is defined by replacing the
numerator in Eq.(9) by N(µ−e+)−N(µ+e−).
The overall amplitude for tagging µe¯ at time t and t¯ after the production comprises two
contributions. One is the t-channel gaugino exchange amplitude (for the selectron production
only) which has the time evolving factor
A(e˜→ µ)A(¯˜e→ e¯) =∑
i
UeiU
∗
µi exp(−imit− 12Γt)
∑
j
U∗ejUej exp(−imj t¯− 12Γt¯) . (12)
The other is the common s-channel γ–Z exchange amplitude which has a simpler factor due
to unitarity of U matrix,
∑
α
A(α˜→ µ)A(¯˜α→ e¯) =∑
i
U∗µiUei exp[(−imi − 12Γ)(t+ t¯)] . (13)
Denoting the asymmetry S0 in the special case that the s channel dominates, we have the
simple expression,
S0µe¯ = −13 · 4XCP Im(φ212 + φ223 + φ232) = −S0µτ¯ = S0eτ¯ . (14)
The statistics factor 1
3
can be offset by summing all three flavor asymmetries, as in S0tot ≡
S0µe¯ − S0µτ¯ + S0eτ¯ .
The asymmetry formula in the general case, where both (s and t) channels are important,
is lengthy but quite straightforward, and which we present next.
The amplitudes for e−e+ → l˜ ˜¯l consist of a common element M0 from the s-channel γ–Z
exchange and an additional piece M ′ for the case l = e from the t-channel gaugino exchange.
Their explicit expressions at the tree level are provided below. From Eqs. (12,13), we derive
dσ(e−e+ → l˜ ˜¯l → αβ¯ +missing neutralinos)
d cos θ
= K
(
|M0|2
∑
i,j
U∗αiUβiUαjU
∗
βjφ
2
ij (15)
+|M ′|2P (e˜→ α)P (˜¯e→ β¯) + 2Re(M0M ′∗
∑
ijk
U∗αiUβiU
∗
ekUαkUejU
∗
βjφikφij)
)
.
The flux and phase space factor K is given below. The non-zero tree level amplitudes M0
and M ′ for different channels are[12]
M0(e
−
Le
+
R → l˜R ˜¯lR) = e2sλ
1
2 sin θ
(
1
s
+
−1
2
+ xW
(1− xW )(s−MZ)
)
, (16)
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M0(e
−
Re
+
L → l˜R ˜¯lR) = e2sλ
1
2 sin θ
(
1
s
+
xW
(1− xW )(s−MZ)
)
, (17)
M ′(e−Re
+
L → e˜R ˜¯eR) =
e2sλ
1
2 sin θ
(1− xW )
∑
i
|VBi|2
t−M2χi
. (18)
Here, θ is the CM polar scattering angle, Mχi are the neutralino masses (i = 1 is the
lightest), while |VBi|2 is the mixing probability of the Bino component in the i-th neutralino;
λ
1
2 =
√
1− 4m¯2/s is the slepton CM velocity, s and t are the usual invariant squares of
energy and momentum transfer, xW is the electroweak parameter, M
2
W/M
2
Z = 1− xW . The
flux and phase space factor is K = λ
1
2/(128pis).
The differential rate difference between CP conjugate channels is
d∆Rαβ¯
d cos θ
= K
(
|M0|2Sˆ0αβ¯ + |M ′|2 (P (e˜→ β)εeα − P (e˜→ α)εeβ)A (19)
−4M0M ′
∑
ijk
Im(U∗αiUβiU
∗
ekUαkUejU
∗
βj)Im(φikφij)
)
.
The asymmetry is
Sαβ¯ =
∆Rαβ¯
σ(e˜˜¯e) + σ(µ˜˜¯µ) + σ(τ˜ ˜¯τ )
, (20)
where the summed differential slepton cross-section follows trivially from Eq. (15),
dσ(e˜˜¯e) + dσ(µ˜˜¯µ) + dσ(τ˜ ˜¯τ) = K
(
3|M0|2 + |M ′|2 + 2M0M ′
)
d cos θ .
As expected, setting α = µ and summing β reproduces the uncorrelated asymmetry in
Eq.(11). Fig. 3 shows a comparison of CP conjugate events µ−e+ (solid) and µ+e− (dashed)
due to slepton pair production at the NLC with
√
s = 500 GeV.
Discussion
Our study can be generalized to other processes. In the future Large Hadron Collider
(LHC), gluinos will be copiously produced, if the gluino mass is about a few hundred GeV.
Through the chain of cascade decays, sleptons may occur in the intermediate state and
give dilepton events. With enough CPV slepton flavor oscillation, asymmetries of the type
discussed here might be observable. In the case of single gluino production, the single lepton
asymmetry in Eq. (6) applies, where α˜ denotes the first slepton produced in the decay chain,
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and β˜ is the second slepton. To avoid washing out of the asymmetry, some reconstruction
of the cascade decay would be necessary to at least statistically identify the primary and
secondary lepton decay products.
We also note that it is possible the NLC could be operated in a γγ mode[13]. In this
case, all single lepton asymmetries Sl vanish, but Sαβ¯ could be measured, and is given by
Eq. (14) or Eq. (20) with M ′ set to zero. The signal and background rates for slepton pair
production are similar to those for intermediate mass charged Higgs production, which are
roughly equal after mild cuts[14]. Both the t-channel dominated limit of the e+e− collider
asymmetry Sα and the dilepton asymmetry measured by a γγ collider are proportional to
XCP , the respective mass-splitting factors are Im(φ12 + φ23 + φ31) and Im(φ
2
12 + φ
2
23 + φ
2
32).
Measurement of both asymmetries could help indirectly measure the slepton mass-splitting.
Finally, we note that if left-handed polarization of the electron beam is possible, the e+e−
collider measurement of Sαβ¯ would yield the same information as that of the γγ collider,
since M ′(e−Le
+
R → l˜R ˜¯lR) vanishes at the tree-level.
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Figure Captions
Fig. 1 Dependence of the slepton pair production cross-section on the slepton mass m¯, at the
Next Linear e+e− Collider, with
√
s = 500 GeV. The production of the selectron pair
e˜R˜¯eR (solid curves) depends on the neutralino couplings and masses. Here we assume
the lightest neutralino of mass Mχ is purely Bino. We also show σ(e
−e+ → µ˜R ˜¯µR)
(dashed). Note that σ(e−e+ → µ˜R ˜¯µR) = σ(e−e+ → τ˜R ˜¯τR).
Fig. 2 Uncorrelated asymmetry −(Sµ − Sτ ) versus ∆m/Γ for XCP = XMaxCP (solid) or
XMaxCP = 0.1×XMaxCP (dashed), for f = 0.75 and ∆m = ∆m12 = ∆m23.
Fig. 3 Comparison of CP conjugate events µ−e+ (solid) and µ+e− (dashed) due to slepton
pair production at the NLC with
√
s = 500 GeV. We choose the case of maximal
mixings, θ1 = θ2 = θ3 =
pi
4
and ∆m12 = ∆m23 = Γ. We illustrate the scenarios of
Mχ = 50 or 100 GeV for m¯ = 150 GeV. Event rates are shown versus the KM phase
δ. For −pi < δ < 0, the event rates can be read by replacing δ by |δ| and reversing the
labels between µ−e+ and µ+e−.
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Note added: While preparing this manuscript, we learned[15] that the authors of Ref. [4]
were extending their work to include analysis of lepton flavor violation in the three-generation
case, as well as the CPV effects considered here[16].
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